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IEX-1 is an early response and NF-kB target gene
implicated in the regulation of cellular viability. We
show here that IEX-1 is a substrate for ERKs and that
IEX-1 and ERK regulate each other's activities. IEX-1
was isolated by phosphorylation screening with active
ERK2 and found subsequently phosphorylated in vivo
upon ERK activation. IEX-1 interacts with phos-
phorylated ERKs but not with c-jun N-terminal
kinase (JNK) or p38. Upon phosphorylation by ERKs,
IEX-1 acquires the ability to inhibit cell death induced
by various stimuli. In turn, IEX-1 potentiates ERK
activation in response to various growth factors. By
using various IEX-1 mutants in which the ERK phos-
phoacceptor and/or ERK docking sites were mutated,
we show that the IEX-1 pro-survival effect is depend-
ent on its phosphorylation state but not on its ability
to potentiate ERK activation. Conversely, IEX-1-
induced modulation of ERK activation requires
ERK±IEX-1 association but is independent of IEX-1
phosphorylation. Thus, IEX-1 is a new type of ERK
substrate that has a dual role in ERK signaling by act-
ing both as an ERK downstream effector mediating
survival and as a regulator of ERK activation.
Keywords: apoptosis/ERK/MAP kinase/phosphorylation/
substrates

Introduction

Mammalian cells respond to a variety of extracellular
stimuli via activation of speci®c mitogen-activated protein
kinases (MAPK) that orchestrate the delivery of the signal
from receptors at the cell surface to the nucleus. Three
main classes of MAPK are recognized: the classic MAPK,
also known as extra-regulated kinases, ERK1 and ERK2,
c-jun N-terminal kinase (JNK) and p38 MAPK, which are
activated by dual phosphorylation at neighboring threo-
nine and tyrosine residues in the activation loop and
dephosphorylation of either residue results in MAPK
inactivation. The general scheme of ERK activation
involves a cascade of phosphorylation events initiated by
stimulation of the Ras proto-oncogene following acti-
vation of growth factors receptors. The cascade starts with

the activation of one or more Raf family kinases, which
phosphorylate and activate the MAPK kinases (MEK1/2).
MEK in turn catalyzes dual phosphorylation and acti-
vation of ERKs (for reviews see Schaeffer and Weber,
1999; Chang and Karin, 2001). Once activated, ERKs
accumulate in the nucleus by a yet to be de®ned
mechanism that seems to involve the dissociation of
ERK from MEK (Fukuda et al., 1997) and/or a blocade of
its export from the nucleus by neo-synthesized nuclear
anchors (Lenormand et al., 1998).

The ERK pathway has been implicated in diverse
cellular processes including proliferation, differentiation
and survival (for reviews see Marshall, 1995; Schaeffer
and Weber, 1999; Ballif and Blenis, 2001). The variable
responses elicited by this cascade in different cell types is
presumably determined by the cell-speci®c combination of
downstream substrates. More than 50 different ERK
substrates have been identi®ed so far. These include
ubiquitous or lineage-restricted transcription factors, the
kinases Rsk and Mnk and proteins involved in nucleotide
biosynthesis, cytoskeleton organization, ribosomal tran-
scription or membrane traf®c (Sturgill et al., 1988; Marais
et al., 1993; Treisman, 1996; Fukunaga and Hunter, 1997;
Graves et al., 2000; Lewis et al., 2000; Stefanovsky et al.,
2001).

The net result of ERK activation varies also in a given
cell according to the stimulus (Marshall, 1995). This
suggests the existence of mechanisms allowing ERK to
discriminate between the various substrates available. Key
parameters for setting this choice include the control of the
amplitude and duration of the signal and the spatial
organization of the components of the ERK cascade and its
substrates. The importance of these mechanisms is illus-
trated by data showing that sustained, but not transient,
ERK activation is associated with its nuclear translocation
and leads to growth factor-induced gene regulation,
cell cycle entry or differentiation (Traverse et al., 1992;
Marshall, 1995; Rouyez et al., 1997; Brunet et al., 1999).
Interestingly, MAPKs themselves regulate the strength
and duration of their activation by phosphorylating various
substrates: MAPKs phosphorylate, and thereby inhibit,
receptor tyrosine kinases (Countaway et al., 1992), the
Ras-exhange factor SOS (Waters et al., 1995) and MEK
(Brunet et al., 1994); MAPK also increases the activity and
half-life of the MAPK phosphatases (Pulido et al., 1998;
Brondello et al., 1999). ERKs interact with their substrates
through conserved docking sites (Gavin and Nebreda,
1999; Jacobs et al., 1999; Smith et al., 1999). ERK
substrates could therefore also play a role in the
subcellular localization of ERKs. Such a regulation has
already been reported in other MAPK pathways. For
instance, in the ®ssion yeast, the transcription factor Atf1
regulates the nuclear localization of the stress-activated
kinase spc1 (Gaits et al., 1998). Likewise, phosphorylation
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of mammalian MAPKAP kinase 2 by p38 facilitates the
export of p38 from the nucleus (Ben-Levy et al., 1998).
Thus, discovery of ERK phosphorylation targets will help
to get a better read-out of the regulation of both ERK
multiple actions and spatio-temporal activation.

To identify new ERK substrates involved in cell
proliferation and survival, we used a solid phase phos-
phorylation assay (Fukunaga and Hunter, 1997) with
active ERK2 to screen a phage expression library prepared
from UT7, a cell line of hematopoietic origin, the growth
of which is dependent on the presence of various cytokines
such as interleukin-3, erythropoietin (EPO) and thrombo-
poietin (TPO) (Rouyez et al., 1997). One of the cDNAs
isolated encoded IEX-1, a gene previously characterized as
an early response and NF-kB-target gene regulated by X-
irradiation, UV radiation and various growth factors, and

reported to have contradictory functions in the control of
cell survival (Charles et al., 1993; Kumar et al., 1998;
Schafer et al., 1998; Wu et al., 1998; Arlt et al., 2001;
Schilling et al., 2001). We show here that IEX-1 is a
speci®c substrate of ERK1/2 and binds to the kinases in
their active forms. The association of ERK and IEX-1
results in trans-regulation of their activities: IEX-1
acquires an anti-apoptotic function in response to various
death triggers upon phosphorylation by ERKs, while in
turn, IEX-1 potentiates ERK activation in response to
growth factors. The cell survival effect of IEX-1 is
dependent on its phosphorylation state but not its ability to

Fig. 1. ERKs phosphorylate IEX-1 in vitro. (A) One microgram of puri-
®ed GST or GST±IEX-1 fusion proteins wild-type (Wt) and mutants
(T18A; T123AS126A; T/SA3; DBD) were reacted with puri®ed recom-
binant active ERK2 in the presence of [32P]ATP. The products were
analyzed by autoradiography or western blotting (WB) with the indi-
cated antibodies. (B) Schematic representation of IEX-1 Wt and ERK-
phosphorylation and/or binding sites mutants. Hatched area indicates
the putative IEX-1 transmembrane domain.

Fig. 2. Expression, phosphorylation and subcellular localization of
IEX-1 in UT7 cells. (A and B) UT7 cells stably expressing HA-tagged
IEX-1 (A) or control (B) were deprived of cytokine and stimulated
with TPO for various times in the absence or presence of 20 mM
PD98059, as indicated. ERK activation and the presence of phosphoryl-
ated and non-phosphorylated forms of IEX-1 were monitored by immu-
noblotting of total cell lysates. (C and D) UT7 cells expressing an
empty vector (C), or HA-tagged Wt-IEX-1 or T/SA3-IEX-1 (D) were
stimulated for 3 h with TPO, lysed and subjected to differential centri-
fugation. Proteins (100 mg) from each cellular fraction were loaded:
heavy membrane (HM), light membrane (LM), cytoplasm (C) and
nucleus (N). Antibodies speci®c for cytochrome c (cyt c, mitochondrial
marker), caspase-3 (cytosolic marker) and PARP (nuclear marker) were
used to characterize the fractions.
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enhance ERK signaling. Conversely, IEX-1-induced
modulation of ERK activation is independent of IEX-1
phosphorylation but requires ERK binding. Thus, IEX-1 is
a new type of ERK substrate that has a dual role in the
ERK pathway by being both a signaling downstream
effector mediating ERK survival activity and also a
regulator of ERK activation.

Results

Identi®cation of IEX-1 as a substrate of ERK MAPK
in vitro and in vivo
The cDNA encoding IEX-1 (Kondratyev et al., 1996) was
isolated from the UT7 cell line during a phosphorylation
screening with active ERK2 (see Materials and methods).
To verify that IEX-1 was a substrate for ERKs, the IEX-1
coding region was expressed as a GST fusion protein,
puri®ed by glutathione±Sepharose chromatography and
incubated with puri®ed active ERK2 in an in vitro kinase
assay. As shown in Figure 1A (upper panel), the
GST±IEX1 protein was readily phosphorylated by ERK2
in vitro, whereas no radioactivity was incorporated into the
GST protein.

IEX-1 presents three putative ERK phosphorylation
sites at positions T18, T123 and S126 (Kondratyev et al.,
1996; Figure 1B). To determine whether ERK phosphor-
ylates IEX-1 at one or several of these sites, we generated
IEX-1 mutants in which either one, two or all three
sites were converted to alanine. Whereas the GST±
T123AS126A double mutant was phosphorylated to
almost the same extent as the wild-type protein, the
GST±T18A protein was only marginally phosphorylated
by active ERK2 (Figure 1A), indicating that T18 of IEX-1
is the major ERK-catalyzed phosphorylation site in vitro.
Mutation of the three ERK consensus phosphorylation
sites (mutant T/SA3) completely abolished ERK phos-
phorylation (Figure 1A).

To con®rm these results, we raised rabbit antibodies to a
phosphopeptide corresponding to T18. In an immunoblot
assay, the anti-phosphoT18 peptide antibody recognized
the wild-type but not the T18A IEX-1 fusion protein
phosphorylated by ERK2 (Figure 1A, bottom panel),
whereas the anti-IEX-1 antibody recognized both proteins.
Thus, the anti-phosphoT18 antibody speci®cally recog-
nizes IEX-1 phosphorylated in vitro by ERK.

This antibody was therefore used to determine whether
ERKs could phosphorylate IEX-1 at T18 in vivo. In the
®rst set of experiments, phosphorylation was assessed in
UT7 cells stably expressing an HA epitope-tagged version
of IEX-1 in which ERK activation was induced by TPO
stimulation. As shown in Figure 2A, the anti-phosphoT18
antibody recognized HA-IEX-1 species only in TPO-
stimulated cells. The signal detected disappeared when
TPO was added in the presence of the MEK inhibitor
PD98059, indicating that the MEK±ERK pathway is
responsible for the phosphorylation of IEX-1 at T18 in vivo
upon TPO stimulation.

IEX-1 has been described as an early gene regulated by
some growth factors (Charles et al., 1993). In agreement
with these reports, TPO induced a rapid expression of
IEX-1 in UT7 cells (Figure 2B). Western blot with anti-
phosphoT18 antibodies showed that the appearance of
phosphorylated IEX-1 species correlated with that of

IEX-1 protein and with ERK activation. Thus, like
overexpressed IEX-1, endogenous IEX-1 protein is phos-
phorylated at T18 upon ERK activation. Subcellular
fractionation studies of UT7 cells showed that the
endogenous IEX-1 protein induced by TPO stimulation
was mainly located in the heavy membrane fraction that
contains mitochondrial membranes, with only low levels
of the protein detected in the light membrane fraction and
the nucleus (Figure 2C). Since induction of IEX-1
expression by TPO required ERK activation (data not
shown), the effect of IEX-1 phosphorylation on its
localization was studied using stable clones of UT7 cells
expressing either wild type or the non-phosphorylable
T/A3-IEX-1 mutant. Like the endogenous protein, most of
the HA-IEX-1 species, either wild type or T/SA3,
migrated with the heavy membrane fraction whether the
cells were stimulated (Figure 2D) or not (data not shown)
with TPO to induce ERK activation. Thus, ERK activation
does not affect IEX-1 subcellular localization.

IEX-1 binds speci®cally to the active forms of
ERK1/2 but not to p38 and JNK MAPK
The capacity of MAPKs to phosphorylate their substrates
is controlled by their docking to speci®c amino acid
sequences on the substrates (Gavin and Nebreda, 1999;
Jacobs et al., 1999; Smith et al., 1999). Therefore, we
examined whether IEX-1 could interact with ERKs by
reacting Sepharose-bound GST±IEX-1 fusion proteins
with lysates prepared from UT7 cells that had been
stimulated with TPO to activate ERKs. GST±IEX-1
precipitated ERK1 and ERK2, but only from lysates of
activated cells (Figure 3A), indicating that IEX-1 associ-
ates with the active but not with the resting forms of ERK1
and ERK2. This binding to ERK was speci®c since the
GST±IEX-1 Sepharose was unable to precipitate p38 or
JNK MAPKs in their resting or anisomycin-induced
phosphorylated forms (Figure 3B).

To examine whether the interaction between IEX-1 and
phosphorylated ERKs could occur within the cells, an HA-
tagged IEX-1 construct was transiently transfected into
Cos7 cells and the presence of ERK in anti-HA
immunoprecipitates was analyzed by immunoblotting.
As shown in Figure 3C, anti-HA antibodies were found
to precipitate endogenous ERK1/2 only from the cells
stimulated with EGF prior to lysis. Conversely, HA-IEX-1
was detected in anti-ERK1 immunoprecipitates from
EGF-treated cells but not from resting cells. In TPO-
stimulated UT7 cells, both endogenous IEX-1 and phos-
phorylated ERKs were found in the heavy membrane
fraction (Figure 2C and D) and, more importantly, the two
endogenous proteins could be co-immunoprecipitated
from these lysates (Figure 3E). Thus, IEX-1 binds
speci®cally to the active form of ERK1 and ERK2
MAPK in vivo.

Two different MAPK docking site consensus sequences
have been identi®ed so far in MAPK substrates: the
D-domain and the FXF (or DEF) motif (Jacobs et al.,
1999). Analysis of IEX-1 amino acid sequence revealed
the presence of the FTF sequence just downstream of the
major phosphorylation site T18. To determine whether this
sequence could be responsible for the capacity of IEX-1 to
bind ERK, we generated a IEX-1 mutant in which the three
residues FTF were converted to alanine (D binding domain
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or DBD mutant; Figure 1B). In constrast to the wild-type
(Wt)-IEX-1, the DBD-IEX-1 mutant could not precipitate
ERK from stimulated cell lysates in either pull-down
(Figure 3A) or co-precipitation assays (Figure 3D). This
demonstrates that the FXF site is necessary for the docking
of active ERK on IEX-1. Disruption of this site led to a
complete loss of phosphorylation of the GST±DBD-IEX-1
protein by active ERK2 in vitro (Figure 1A). Thus,
phosphorylation of IEX-1 is dependent on its capacity to
bind ERK. In contrast, IEX-1 binding to ERK occurs
independently of its phosphorylation, as shown by the

capacity of Sepharose-bound GST±T/SA3-IEX-1 to pull
down ERK as ef®ciently as Wt-IEX-1 (Figure 3A).

IEX-1 increases ERK activation
While performing ERK/IEX-1 co-precipitation experi-
ments, we noticed that ERK phosphorylation was regu-
larly increased in cells transfected with IEX-1, suggesting
that IEX-1 may modulate ERK activity. To analyze this
possibility further, CHO cells were transiently transfected
with vectors encoding His-tagged IEX-1 and HA-ERK1,
and ERK activation was examined in anti-HA immuno-
precipitates. Figure 4A shows that HA-ERK1 phosphoryl-
ation and kinase activity were signi®cantly increased in
cells transfected with Wt-IEX-1 as compared with control
cells. In seven independent experiments, IEX-1 increased
ERK activity by 20 6 14-fold (mean 6 SE). Transient
transfection of IEX-1 into UT7 cells also stimulates
endogenous ERK activity, as detected by an increase in
Elk1-dependent transcription (data not shown). Likewise,
endogenous ERK activity was also increased upon TPO
stimulation in two stable clones of UT7 cells expressing
different levels of HA-IEX-1 as compared with control
cells (Neo) expressing the empty vector (Figure 4B).

Fig. 4. IEX-1 potentiates ERK activity. (A) CHO cells were co-trans-
fected with 1 mg of pcDNA-HA-ERK1 and 1 mg of either empty vector
(V) or plasmid encoding His-Wt-IEX, as indicated. Twenty-four hours
later, ERK activity was measured in anti-HA immunoprecipitates (IP)
by western blotting or kinase assay using MBP as a substrate. (B) Stable
clones of UT7 cells expressing different levels of HA-IEX-1 or control
cells (Neo) were stimulated for 30 min with TPO and ERK activation
was measured by western blotting with anti-phosphoERK antibodies.

Fig. 3. IEX-1 binds speci®cally to the active forms of ERK1/2. (A and
B) Sepharose-bound GST or GST±IEX-1 wild type and mutants were
incubated with lysates from UT7 cells either untreated (0) or stimulated
with 10 nM TPO or 100 ng/ml anisomycin (Aniso) for 30 min, as
indicated. MAPKs were detected in GST precipitates or in samples of
total lysates (TL) by immunoblotting with antibodies directed against
the active forms of ERK, JNK or p38. (C and D) Cos7 cells were
transfected with 2 mg of pcDNA-HA-IEX-1 (Wt or DBD mutant) or
empty vector (V), starved overnight and stimulated (+) or not (±) with
100 ng/ml EGF for 10 min. Lysates were immunoprecipitated (IP) with
anti-HA or anti-ERK1 antibodies and analyzed by western blotting.
Expressions of ERK and HA-IEX-1 are shown in total lysates (TL).
(E) UT7 cells (50 3 107) were treated with TPO for 3 h to induce
endogenous IEX-1 protein expression. The presence of IEX-1 and
phosphorylated ERK was monitored in anti-IEX-1, anti-phosphoERK
or control (C) immunoprecipitates (IP), as indicated. As a control,
phosphoERK and IEX-1 expressions are shown in total lysates (TL)
from 1 3 106 cells.

J.Garcia et al.

5154



To determine whether IEX-1 acts as a constitutive
activator of the ERK pathway or can only enhance the
signal induced by growth factors, CHO cells expressing
the EPO receptor (CHO-ER) were co-transfected with
IEX-1 and ERK1 expressing vectors and analyzed after
overnight starvation in a serum-free medium and EPO
stimulation. No phosphorylation of ERK could be detected
in non-stimulated starved cells expressing IEX-1 or the
empty vector (Figure 5A). However, IEX-1 expression
resulted in a great increase in EPO-induced ERK phos-
phorylation. Similar results were obtained in Cos7 cells
stimulated with EGF (data not shown). The effect of IEX-1
was more pronounced in response to low doses of growth
factors, i.e. when ERK activation is not at its maximum
(Figure 5A). Kinetic studies showed that IEX-1 expression
resulted in a prolonged EPO-induced ERK activation in
CHO-ER cells, although the effect of IEX-1 was stronger
at short time points of stimulation (Figure 5B).

The above results, together with the fact that IEX-1 is a
growth factor±early gene product (Figure 2B; Charles
et al., 1993) suggest that the ERK signaling might be
prolonged in cells where endogenous IEX-1 is expressed
after growth factor treatment. To test this hypothesis, the
effect of siRNA duplexes targeting IEX-1 were examined

on ERK phosphorylation at times of TPO stimulation
when endogenous IEX-1 protein is not expressed (15 min)
or is expressed (3, 10 and 14 h). Owing to the low
transfection ef®ciency of UT7 cells, the effect of IEX-1
siRNA on ERK activation was assessed in cells co-
transfected with HA-ERK1 and the siRNA duplex. A
duplex of GFP was used as a control. As shown in Figure 6,
phosphorylation of HA-ERK at late but not at early time
points of TPO stimulation was greatly affected by
transfection of the IEX-1 siRNA. The ability of the
IEX-1 duplex to ef®ciently silence IEX-1 expression is
indicated by the complete loss of HA-IEX-1 expression in
cells co-transfected with HA-IEX-1 and IEX-1 siRNA.
These results show that the induction of IEX-1 during TPO
stimulation plays an important role in the the capacity of
this cytokine to sustain ERK activation in UT7 cells.

In contrast to its ability to potentiate ERK activation,
IEX-1 did not activate a co-transfected HA-JNK1, nor did
it increase its activation by anisomycin (Figure 7A). Since
this speci®c increase in ERK versus JNK activation recalls
the ability of IEX-1 to bind ERK speci®cally, we
examined whether ERK-stimulating activity of IEX-1
requires association with ERK. As shown in Figure 7B, the
DBD-IEX-1 mutant was unable to enhance ERK phos-
phorylation. In contrast, the T/SA3-IEX-1 mutant (which
still binds to ERK) was as ef®cient as the wild-type protein
in stimulating ERK activation. Thus, IEX-1-induced
stimulation of ERK activity correlates with its capacity
to dock ERK kinases at the DEF motif. This stimulatory
effect was speci®c for IEX-1 rather than a general function
of ERK substrates docking ERK through a DEF motif, as
shown by the inability of Elk1 (Jacobs et al., 1999) to
affect ERK activation when expressed in CHO cells
(Figure 7C).

Fig. 5. Effect of IEX-1 on the kinetics and dose±response of growth
factor-mediated ERK activation. CHO-ER cells were transfected with
HA-ERK along with either empty pcDNA (V) or pcDNA-HA-IEX-1.
Twenty-four hours post-transfection, cells were either harvested directly
(non-starved) or starved of serum overnight prior to stimulation with
1±10 U/ml EPO for 10 min (A), or 4 U/ml EPO for various times (B).
The activity of HA-tagged ERK was analyzed in anti-HA-immuno-
precipitates.

Fig. 6. IEX-1 expression is involved in the long-lasting ERK activation
induced by TPO in UT7 cells. UT7 cells were electroporated with plas-
mids encoding HA-ERK1 (upper panel) or HA-IEX-1 (bottom panel)
together with either IEX-1 or GFP siRNA duplexes, as indicated. The
activity of HA-ERK was assessed in anti-HA-immunoprecipitates fol-
lowing various times of TPO stimulation.
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Taken together these data show that IEX-1 is a direct
phosphorylation target of ERK that has the ability to
potentiate ERK activation in response to various growth
factors (serum, EPO, TPO, EGF). The binding of active
ERK to the DEF binding site of IEX-1 is necessary for
both events to occur.

IEX-1 is an inhibitor of apoptosis induced by
various stimuli
Previous studies have described con¯icting data on the
role of IEX-1 in cellular viability establishing IEX-1 either
as an inducer or as an inhibitor of apoptosis (Wu et al.,

1998; Arlt et al., 2001; Schilling et al., 2001). The above
data showing that IEX-1 is a target of ERKs that
potentiates growth factor-induced ERK activation
prompted us to re-explore the possible involvement of
IEX-1 in the control of apoptosis.

First, we analyzed apoptosis in UT7 cells stably
transfected with HA-tagged Wt-IEX-1 or with an empty
vector. Death was induced by removing the cytokine
(EPO) from the culture medium while maintaining the
presence of serum, and was monitored by annexin V±FITC
staining (Figure 8A) and by the appearance of active
caspase-3 fragments (Figure 8B). Several clones express-
ing IEX-1 were uniformly more resistant to apoptosis
induced by cytokine deprivation than control (Neo) cells,
with the extent of protection correlating with the levels of
HA-IEX-1 protein.

The impact of IEX-1 overexpression on cell survival
was also explored in cells transiently transfected with
EGFP-IEX-1 proteins. As shown in Figure 8C, CHO cells
transfected with EGFP-IEX-1 were considerably more
resistant to apoptosis induced by staurosporin (STS) than
cells expressing EGFP. Likewise, HeLa cells expressing
EGFP-IEX-1 were partially protected against death
induced by tumor necrosis factor (TNF) in the presence
of cycloheximide (CHX) (Figure 8D).

Thus, IEX-1 is able to decrease cell death in response to
many stimuli and in different cell types.

IEX-1 phosphorylation at T18 is required for its
survival effect
To determine whether IEX-1 phosphorylation by ERK is
required for its anti-apoptotic effect, we examined the
ability of IEX-1 phosphorylation mutants to decrease cell
death in the various apoptotic assays described above. In
contrast to the limited cell death observed in cells
expressing Wt-IEX-1, apoptosis induced upon cytokine
deprivation was similar in UT7 clones expressing HA-
T/SA3-IEX-1 and HA-DBD-IEX-1, and in the Neo
controls (Figure 9A). This indicates that phosphorylation
of IEX-1 at ERK consensus sites is required for its pro-
survival activity.

Likewise, in contrast to Wt-IEX-1, transient expression
of neither the T/SA3 nor the DBD forms of IEX-1 provided
protection of CHO cells against STS-triggered apoptosis.
The capacity of IEX-1 to inhibit STS-induced death was
also completely lost in the T18A single mutant, whereas
mutation of T123 and S126 sites did not affect IEX-1 pro-
survival activity (Figure 9B). Thus, phosphorylation of
IEX-1 at the major ERK phosphorylation site T18 is
required for its anti-apoptotic effect.

These results suggest that the anti-apoptotic function of
IEX-1 is dependent on the basal ERK activity, as it exists
in cells cultured in the presence of FCS, and that this
activity is suf®cient to allow IEX-1 phosphorylation.
Indeed, western blotting of lysates of transfected STS-
treated CHO cells revealed the presence of EGFP±Wt-
IEX-1 species, which reacted with the anti-phosphoT18
IEX-1 antibodies (Figure 9C). As expected, the anti-
phosphoT18 antibody did not react with GFP alone or the
EGFP±IEX-1 mutants T18A, T/SA3 and DBD-IEX-1. In
further support of these results, activated ERK could be
detected in STS-treated CHO cells (Figure 10A). This is in
agreement with previous studies showing that MEK and

Fig. 7. The ability of IEX-1 to stimulate ERK activity is speci®c and
requires its DEF motif. (A) CHO cells were transfected with HA-IEX-1
together with HA-JNK1 or empty vector (V) and treated or not for
10 min with 100 ng/ml anisomycin. Activated JNK was detected in
anti-HA immunoprecipitates by immunoblotting with anti-phospho-
JNK antibodies and by in vitro kinase assay using GST±c-jun as sub-
strate. (B and C) CHO cells were transfected with HA-ERK, along
with either empty vector (V), plasmids encoding the indicated HA-
IEX-1 species or HA-Elk1. ERK activity was determined in anti-HA
immunoprecipitates by in vitro kinase assay.
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ERK are resistant to inhibition by 1 mM STS (Deng et al.,
2000). To con®rm that activation of the ERK MAPK
pathway is controlling the pro-survival activity of IEX-1,
CHO cells transfected with EGFP±Wt-IEX-1 were treated
with the MEK inhibitor PD98059 prior to induction of cell
death by STS. Although it had no pro-apoptotic effect by
itself in these cells (data not shown), PD98059 abolished
completely both IEX-1 phosphorylation at T18
(Figure 10A) and the capacity of IEX-1 to protect CHO
cells against apoptosis (Figure 10B).

The capacity of IEX-1 to potentiate ERK activity is
not necessary for its anti-apoptotic effect
Since IEX-1 binds to phosphorylated ERK and increases
its activity, one role of IEX-1 in the control of apoptosis
might be to bring active ERK close to other substrates
involved in cell survival. To test whether the ability of
IEX-1 to potentiate ERK activation was necessary for its
anti-apoptotic function, we generated new IEX-1 mutants
in which phosphorylation was mimicked by negatively
charged amino acids (T/SD3 and T18D mutants;
Figure 1B). T/SD3-IEX-1 species induced a strong
increase in ERK1 phosphorylation (Figure 10C) and

co-precipitated with endogenous ERK1 (Figure 10D)
when transfected into CHO cells. Similar results were
observed for the T18D mutant (data not shown). Both the
T/SD3 and the T18D mutants retained the ability to inhibit
STS-induced apoptosis in cells in which MAPK activation
was impeded by the MEK inhibitor (Figure 10B). This
further indicates that IEX-1 phosphorylation at T18 is
critical for its pro-survival effect and strongly suggests that
its ability to increase the growth factor-induced ERK
signal is not required for this process. To con®rm these
data, mutation of the ERK binding site was inserted into
the T/SD3-IEX-1 mutant. The resulting double mutant, T/
SD3DBD-IEX-1 was unable to potentiate ERK1 activation
or to associate with endogenous ERK when transiently
expressed in CHO cells (Figure 10C and D). However, this
mutant conferred resistance to STS-induced cell death to
the same extent as T/SD3-IEX-1 (Figure 10E).

Thus, in different cellular contexts, the ERK MAPKs
directly control IEX-1 ability to prevent cell death by
catalyzing IEX-1 phosphorylation. Phosphorylation of
IEX-1 at ERK target sites is necessary and suf®cient to
confer anti-apoptotic activity to IEX-1. In contrast, the
anti-apoptotic function of IEX-1 is independent of its

Fig. 8. IEX-1 inhibits cell death induced by various stimuli. (A and B) Clones of UT7 cells stably transfected with empty (Neo) or HA-IEX-1 (Wt)
encoding plasmids were cultured with EPO. Apoptosis was induced by removing EPO from the culture medium and measured by annexin V±FITC
staining (A) or immunoblotting with anti-caspase-3 antibodies (B). Anti-HA immunoblots show expression of the transgene in the different clones
(lower panels). (C) CHO or (D) HeLa cells were transiently transfected with pEGFP or pEGFP-IEX-1. Twenty-four hours post-transfection, the cells
were treated with STS (C) or TNF + CHX (D), as indicated. Apoptosis of the EGFP-positive transfected cells was determined as described in
Materials and methods. (D) Mean 6 SE of three independent transfections.

IEX-1 is a new ERK substrate with a dual function

5157



ability to enhance ERK activity in response to growth
factor stimulation.

Discussion

The past few years have brought a considerable advance-
ment in our knowledge of the mechanisms controlling
apoptosis by growth factors, and have revealed the
existence of tight and unexpected connections between
death and signaling pathways. Indeed, not only does it
appear that kinase cascades activated by growth factors
modulate the function or the expression of proteins
directly involved in the control of apoptosis, but also
that these proteins can act as positive or negative
regulators of signaling modules. Examples include some
members of the inhibitor of apoptosis family, which, in
addition to their ability to inhibit caspase activation,
stimulate NF-kB activity (Hofer-Warbinek et al., 2000),
and regulate the extent and duration of JNK activation in
response to TNF (Tang et al., 2001) and the direct
activation of Raf-1 by the Bcl2-partner Bag1 (Wang et al.,
1996). Here we characterize the product of the early gene
IEX-1 as a substrate for ERK MAPK and reveal a new
connection between apoptosis and the regulation of
MAPK signaling that operates directly at the level of
this substrate. Association of ERK and IEX-1 results in
trans-regulation of their biological activities: ERK-
catalyzed phosphorylation of IEX-1 induces IEX-1's
ability to prevent cell death while, by docking active
ERKs, IEX-1 provides a positive regulatory loop on the
MAPK cascade leading to enhanced ERK activation in
response to growth factors.

Phosphorylation of IEX-1 at ERK target sites is
necessary and suf®cient to confer anti-apoptotic functions
to IEX-1. Indeed, mutants of IEX-1 in which phosphoryl-
ation was constitutively mimicked (T18D and T/SD3
mutants) protected the cells against STS-induced apopto-
sis even when the MAPK pathway was inhibited. In
addition, mutation of the ERK docking site in this context
led to IEX-1 species that remained fully able to confer
resistance to cell death, while their capacity to stimulate
ERK activity was completely abolished. Thus, the anti-
apoptotic function of IEX-1 is independent of its ability to
increase ERK activation and cannot be due to ERK-
mediated induction and/or phosphorylation of other
known ERK targets involved in apoptotic pathways,
such as members of the Bcl2 family (Bonni et al., 1999;
Breitschopf et al., 2000; Deng et al., 2000; Ballif and
Blenis, 2001). How phosphorylation of IEX-1 by ERK
may control its anti-apoptotic function is presently
unknown, and awaits the elucidation of the molecular
mechanism by which IEX-1 acts in the apoptotic path-
ways. The ability of IEX-1 to inhibit death induced by
cytokine removal, STS, TNF or etoposide suggests that it
affects a general step in the mitochondrial apoptotic
pathway. Indeed, IEX-1 can prevent the release of
cytochrome c from mitochondria (Y.Ye and F.Porteu,
unpublished data). IEX-1 has no homology with other
proteins and does not possess any of the known domains
present in effectors or inhibitors of apoptosis. IEX-1 may
associate with membranes through its transmembrane
domain (Kondratyev et al., 1996). We have found by cell
fractionation studies that, in UT7 cells, both endogenous

Fig. 9. IEX-1 phosphorylation is required for its survival effect.
(A) UT7 clones stably expressing HA-tagged Wt-IEX-1, T/SA3-IEX-1,
DBD-IEX-1 or an empty vector (Neo) were deprived of cytokine and
stained with annexin V±FITC at the indicated times. Similar results
were obtained in three independent experiments. (B) CHO cells were
transiently transfected with EGFP or EGFP-IEX-1 wild-type or mutant
fusion proteins. Apoptosis was induced by treatment with STS for 7 h
and measured in EGFP-transfected cells as described in Materials and
methods. Results are mean 6 SE of values from at least four independ-
ent transfections. (C) Total lysates from CHO cells transfected and
treated as in (B) were analyzed by western blotting with anti-
phosphoIEX-1 and anti-GFP antibodies.
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IEX-1 induced by TPO and HA-tagged IEX-1 are located
mainly to the membrane fraction enriched in mitochon-
dria. In agreement with previous studies (Kumar et al.,
1998; Wu et al., 1998), a small amount of IEX-1 was also
detected in the light membrane fraction containing the
endoplasmic reticulum and in the nucleus. However, we
have been unable to con®rm IEX-1 localization by
immuno¯uorescence, probably due to the small amount
of IEX-1 protein present in these cells and/or the poor
ability of our antibody to recognize the native form of
IEX-1. IEX-1 localization is not dependent on its phos-
phorylation state since it remained unchanged upon
activation of the MAPK pathway and was similar for
wild-type and T/SA3 forms of IEX-1. The similarities in
the localizations of IEX-1 and of some members of the
Bcl2 family (Krajewski et al., 1993) suggest that upon
ERK-induced phosphorylation IEX-1 might associate with
the direct effectors of cell survival. This possibility is
currently being studied.

Like most substrates, IEX-1 associates with ERK. ERK
binding to IEX-1 requires prior ERK activation, since
IEX-1 was found associated with the doubly phosphoryl-
ated forms, but not with the resting forms, of ERK1/2.
Crystallographic data indicate that the extended substrate-
binding region of ERK2 is not regulated by phosphoryl-
ation and thus predict that its association with substrates
should occur independently of the activation state
(Canagarajah et al., 1997). Although this indeed seems

to be the case for most ERK substrates for which
interaction with ERKs has been studied so far, such a
speci®c af®nity for activated ERKs is not without
precedent. Notably, it has been described for the binding
of ERK2 to Elk1 (Yang et al., 1998). ERKs can be targeted
to their substrates through two conserved docking sites:
the D-domain, a stretch of positively charged amino acids
that is commonly found in MAPK kinases, phosphatases
and substrates (Pulido et al., 1998; Gavin and Nebreda,
1999; Jacobs et al., 1999; Smith et al., 1999); or the DEF
motif, de®ned by the conserved FXF consensus sequence
that is found in some ERK substrates such as Ksr and Elk1
(Jacobs et al., 1999). These sites can function independ-
ently or in combination. In contrast to the D-domain,
which binds both JNK and ERK, the DEF motif is speci®c
for ERK. Mutation of the FTF residues to alanine in IEX-1
(DBD mutant) led to a complete loss of ERK±IEX-1
association in both pull-down and co-precipitation assays,
showing that this sequence represents the unique ERK-
interaction motif of IEX-1. This is in agreement with the
fact that IEX-1 does not bind JNK MAPK.

Association of IEX-1 with ERK1/2 is essential for
subsequent phosphorylation of phosphoacceptor motifs of
IEX-1, as shown by the complete loss of IEX-1 phos-
phorylation upon mutation of the FTF sequence. The
concommittant loss of both ERK binding and IEX-1
phosphorylation in the DBD mutant is most likely not the
result of a gross non-speci®c alteration of IEX-1 protein,

Fig. 10. IEX-1 inhibits apoptosis independently of its ability to potentiate ERK activation. (A, B and E) CHO cells were transfected with the indicated
plasmids encoding EGFP-tagged wild-type or mutant forms of IEX-1. After a 7 h treatment with STS in the presence or absence of 30 mM PD98059,
cells were either lysed for western blotting analysis (A) or ®xed for determination of cell death (B and E). Results of apoptosis are expressed as mean
6 SE of four independent experiments. (C and D) CHO cells were transfected with HA-IEX-1 wild type or mutants, with (C) or without (D) HA-
ERK1. HA immunoprecipitates were subjected to kinase assay and western blotting, as indicated.
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since the constitutively phosphorylated DBDT/SD3-IEX-1
mutant remains fully functional for protecting cells from
apoptosis. Association of active ERKs with IEX-1 is also
required for its ability to trans-regulate ERK activity.
However, the mechanism by which this regulation occurs
is not yet understood. IEX-1 alone does not stimulate ERK
activity in the absence of growth factors. Thus, IEX-1
could act by increasing the rate of ERK activation by its
upstream kinases. For example, IEX-1 could be a scaffold
protein for the ERK signaling module by facilitating the
recruitment of multiple members of the cascade. Some
scaffold proteins acting on the JNK or ERK pathways,
such as JSAP or Ksr, respectively, are themselves
substrates of MAPK (Ito et al., 1999; Jacobs et al., 1999;
Stewart et al., 1999). However, the capacity of IEX-1 to
bind only to activated ERKs is not in favor of such a
function. In addition, we were not able to detect any
association of IEX-1 with MEK or any effect of
recombinant IEX-1 on ERK activation induced in vitro
by activated MEK (F.Porteu, unpublished data).
Alternatively, IEX-1 could stabilize the kinase in an
active state by preventing its inactivation. Amongst the
mechanisms that could affect ERK activation are those
involving the retro-phosphorylation and inhibition of SOS
and MEK (Brunet et al., 1994; Waters et al., 1995). These
mechanisms, however, most probably do not contribute to
the IEX-1-induced increase in ERK phosphorylation, since
IEX-1 was found not to affect MEK activation (F.Porteu,
unpublished data). ERK inactivation can also occur upon
dephosphorylation of either one or both of its phosphoryl-
ated residues by phosphatases. Just as for MAPK sub-
strates and upstream kinases, the MAPK phosphatases
bind to ERKs, and this interaction is required for the
catalytic activation of the phosphatase and ERK inactiva-
tion (Camps et al., 1998; Pulido et al., 1998; Zuniga et al.,
1999; Tanoue et al., 2000; Slack et al., 2001). Thus, IEX-1
could compete with MAPK phosphatases for the binding
to the kinase. However, the inability of IEX-1 to protect
ERK from inactivation induced by overexpression of
MKP1 or MKP3 in CHO cells renders this possibility
unlikely. Finally, no change in the subcellular localization
of phosphorylated ERK was observed upon expression of
wild-type IEX-1 or DBD-IEX-1 (P.Lenormand, personal
communication), suggesting that IEX-1 does not in¯uence
the exent of ERK activation by sequestering ERKs in a
cellular compartment that is not accessible to inactivators.
Whatever the mechanism involved, preventing IEX-1
expression during TPO stimulation through siRNA greatly
affected the capacity of TPO to sustain ERK signaling in
UT7 cells. Since IEX-1 is also induced by other growth
factors (Charles et al., 1993), potentiation of ERK
activation following IEX-1 expression may represent an
important means by which various growth factors can
regulate the amplitude and the duration of ERK signaling.

Con¯icting data have been reported concerning the role
of IEX-1 in both apoptosis and cell proliferation. Indeed,
IEX-1 was found to increase apoptosis induced by UV
radiation, TNF, or upon serum deprivation (Segev et al.,
2000; Arlt et al., 2001; Schilling et al., 2001), but it also
plays a key role in cellular resistance to TNF and Fas-
induced apoptosis (Wu et al., 1998; Domachowske et al.,
2000). In agreement with the latter studies, we observed
that IEX-1 protects different cell types against various

apoptotic triggers. Also supporting this anti-apoptotic role
is a recent study showing that transgenic mice expressing
IEX-1 in lymphocytes develop an auto-immune disease
due to a striking de®ciency in apoptosis of activated T cells
(Zhang et al., 2002). Our ®nding that the IEX-1 anti-
apoptotic function is activated by the MAPK pathway and
is dependent on the presence of at least some active ERK
in the cells may reconcile, at least in part, these contra-
dictory data. Supporting this conclusion, IEX-1-induced
increase in susceptibility to death has been observed in
serum-deprived cells or upon cellular stress, conditions
that probably prevent any activation of the ERK pathway,
and is abolished in the presence of serum (Arlt et al., 2001;
Schilling et al., 2001). On the other hand, IEX-1 has been
shown to contribute to proliferation in vivo and to
accelerate cell cycle progression upon serum stimulation
in some cells in vitro (Schafer et al., 1996; Kumar et al.,
1998; Arlt et al., 2001). Given the well known role of the
ERK pathway in controlling proliferation, the ability of
IEX-1 to potentiate ERK activity demonstrated here
provides a potential molecular mechanism for IEX-1
growth promoting action.

IEX-1 expression is transcriptionally regulated by NF-
kB and is involved in the NF-kB-dependent resistance to
apoptosis (Wu et al., 1998; Zhang et al., 2002). Our results
show that IEX-1 is also a target of regulation by ERK,
suggesting that these two pathways could synergize to
induce full protection against apoptosis in some cells. By
stimulating ERK activation, IEX-1 could also contribute to
the control of cell growth by NF-kB (Guttridge et al.,
1999). Increased expression or subvertion of IEX-1
activities in tumor cells may result in de®cient apoptosis
and/or enhanced proliferation and contribute to malignant
transformation.

Materials and methods

Antibodies
Antibodies against IEX-1 were generated by immunizing rabbits with
recombinant full-length GST±IEX-1 fusion protein puri®ed on
glutathione±Sepharose (Amersham Pharmacia Biotech). Antibodies
recognizing speci®cally IEX-1 phosphorylated at T18 were produced
by injecting rabbits with the phosphopeptide P-T18 (CMTILQAPp-
TPAPSTI) coupled to KLH (Genosphere Biotechnologies). Other
antibodies used were from commercial sources: anti-phospho antibodies
to p38, JNK and ERK (Cell Signaling Technology); anti-p38, anti-ERK1
and anti-JNK (Santa Cruz Biotechnology, Inc.); anti-caspase-3, anti-
cytochrome c and anti-PARP (PharMingen International); anti-HA
(12CA5 and 3F10) (Boehringer Mannheim).

Production and puri®cation of active recombinant ERK2
The biscistronic vector pETHis6/MEK1-R4F (Khokhlatchev et al., 1997),
allowing expression of His-tagged-rat ERK2 in bacteria, is a generous gift
from Dr M.Cobb (University of Texas Southwestern Medical Center,
Dallas, TX). Recombinant doubly phosphorylated His6-ERK2 was
puri®ed as described previously (Khokhlatchev et al., 1997).

Cell culture
The cytokine-dependent human megakaryoblastic cell line expressing the
TPO receptor (UT7) in which TPO can promote both proliferation and
differentiation signals has been described previously (Rouyez et al.,
1997). It was routinely cultured in a-minimum essential medium
supplemented with 10% FCS and 1 U/ml EPO (Boehringer Mannheim).
For TPO stimulation, the cells were washed three times and switched to
complete medium containing 10 nM TPO-mimetic peptide (Garcia et al.,
2001). CHO cells were cultured in Dulbecco's MEM nut Mix F-12
(HAM) medium containing 7% FCS. Cos7 and HeLa cells were
maintained in Dulbecco's MEM supplemented with 10% FCS. Stable
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clones of CHO-ER cells were a gift from C.Guillard (Institut Cochin,
Paris, France).

Tranfections and transfection-based assays
Stable clones of UT7 cells expressing HA-tagged wild-type or mutant
forms of IEX-1 were generated by electroporation and selected in G418 as
described previously (Rouyez et al., 1997). To test the effect of IEX-1
siRNA on TPO-induced ERK activation, UT7 cells were electroporated
with 1 mg of IEX-1 or GFP siRNA duplexes (Xeragon, Inc.), along with
5 mg of HA-ERK. Eight to 12 h post-transfection, the cells were
stimulated for various times with TPO and ERK activity was analyzed in
anti-HA immunoprecipitates. Transient transfections into CHO, Cos7 and
HeLa cells were performed with LipofectAMINE plus reagent (Life
Technologies) according to the manufacturer's instructions. In some
experiments, 24 h post-transfection, cells were deprived of serum
overnight, and stimulated with 10 ng/ml EGF (PeproTech, Inc.) or
1±10 U/ml EPO for various times before lysis and immunoprecipitation.

Construction of lGEX5 UT7 cDNA library and screening with
active ERK2
The phage expression vector lGEX5, a lgt11-derived vector modi®ed by
insertion of pGEX-PUC-3T plasmid nucleotide sequence (Fukunaga and
Hunter, 1997), was a generous gift from T.Hunter (The Salk Institute, San
Diego, CA). A cDNA library was constructed from UT7 cells cultured for
12 h in the presence of TPO. Poly(A)+ RNA was obtained using a mRNA
separator kit (Clontech) and double-stranded cDNA was synthesized with
oligo(dT) primers using the Superscript choice system kit (Gibco-BRL).
cDNA was sized-fractionated on sucrose gradient and cDNA over 1 kb
was ligated to lGEX5 arms and packaged into bacteriophage l particles.
The cDNA library was ampli®ed by growth in Escherichia coli BB4
strain and plated at a density of 1.5 3 104 plaques per 150 mm agar
plates. After 3.5 h at 37°C, the plates were overlaid with nitrocellulose
impregnated with 10 mM IPTG and returned to 37°C overnight. Filters
were saturated and reacted with 1 mg/ml puri®ed recombinant active
ERK2 and radiolabeled ATP as described previously (Fukunaga and
Hunter, 1997). After secondary screening, phage DNA was prepared and
the cDNA-containing plasmid was recovered and transformed into
bacteria. The insert DNA sequence was determined and analyzed with the
BLAST program. Of the positive clones isolated, one contained the entire
coding sequence of IEX-1 (Kondratyev et al., 1996).

Constructs
pcDNA3 expression plasmids encoding HA-tagged ERK1, JNK1 and
Elk1 were gifts from Drs J.Pouyssegur, B.Derijard (UMR CNRS 6543
and 6548; Nice, France) and R.Hipskind (IGMM, Montpellier, France),
respectively. Forward and reverse primers containing BamHI and XbaI
restriction sites, were used to amplify the pGEX-PUC-3T-IEX-1 cDNA
by PCR. This fragment was subcloned into pcDNA3-HA, pcDNA3-His
(Invitrogen) and pEGFP-C1 (Clontech) to generate IEX-1 tagged at its
N-terminus with HA, His and EGFP, respectively. Mutants of each IEX-1
phosphorylation site and ERK binding site were generated by PCR and
subcloned in pGEX4T3, pCDNA3-HA and pEGFP-C1.

Cell death assays
In the UT7 stable clones expressing wild-type or mutant forms of IEX-1,
apoptosis was induced by withdrawing the cytokine from the medium:
cells were washed three times in serum-free aMEM and resuspended at
1 3 105 cells/ml in medium supplemented with 10% FCS in the absence
of EPO or TPO. The cells were harvested at various time intervals, stained
with annexin V±FITC (Immunotech, France) and analyzed by ¯ow
cytometry. Cleavage of pro-caspase-3 was assessed in the same samples
by visualizing the appearance active fragments upon western blotting of
total cell lysates with anti-caspase-3 antibodies. CHO cells were seeded
on 4 cm2 Labteck slides and transfected with 0.7 mg of EGFP-C1 or
EGFP-IEX-1 plasmids. Alternatively, cells were co-transfected with
pcDNA plasmids encoding IEX-1 (0.5 mg) and empty EGFP vector
(0.2 mg). One day following transfection, cells were treated with
staurosporin (1 mM; Sigma) for 4±7 h. After three washes in PBS,
adherent cells were ®xed with 4% paraformaldehyde and stained with
DAPI to assess nuclear morphology. The percentage of GFP-positive
cells with fragmented or condensed nuclei was determined by blind
counting of at least 500 GFP-positive cells under a ¯uorescence
microscope. To measure apoptosis in HeLa cells, cells were seeded into
6-well tissue culture dishes, transfected with EGFP or EGFP-IEX-1
encoding plasmids. One day later cells were subjected to TNF (20 ng/ml;
PeproTech, Inc.) alone or together with CHX (30 mg/ml) for 8 h. After
three washes with PBS to remove ¯oating apoptotic cells, the remaining

adherent (viable) cells were ®xed and stained with DAPI. GFP-positive
cells were counted from a minimum of 20 ®elds chosen at random.

Immunoprecipitation and western blotting
Transfected CHO and Cos cells were harvested 24 h after transfection and
lysed in 50 mM Tris pH 7.5 buffer containing 137 mM NaCl, 1% Triton
X-100, 10% glycerol, 1 mM EDTA, 1 mM orthovanadate, 25 mM
b-glycerophosphate and a protease inhibitor cocktail (Roche). For co-
immunoprecitation of endogenous ERKs and IEX-1 proteins, 5 3 107

UT7 cells were treated with TPO for 3 h to induce expression of
endogenous IEX-1 and ERK activation prior to lysis. In some
experiments, the proteasome inhibitors Mg132 or LLnL were added
during TPO stimulation to prevent IEX-1 degradation. Clear lysates were
obtained by centrifugation and immunoprecipitation, gel electrophoresis
and immunoblotting were performed as described previously (Garcia
et al., 2001).

Subcellular fractionation
Parental UT7 cells or clones expressing HA-IEX-1 wild type or mutant
were treated for 3 h with TPO to induce endogenous IEX-1 expression.
Homogenization was performed by passing the cells through a ball-
bearing homogenizer (cell cracker; EMBL) as described previously
(Meunier et al., 2002).

GST phosphorylation and pull-down assays
One to three micrograms of puri®ed GST fusion proteins for wild-type or
mutant forms of IEX-1 were incubated with 0.5 mg of active ERK in 50 ml
of kinase buffer (HEPES 10 mM, pH 7.5, 10 mM MgCl2 and 1 mM
dithiothreitol) in the presence of 50 mM ATP and 3 mCi of [g-32P]ATP for
20 min at 30°C. The products were resolved on polyacrylamide gels and
transferred to nitrocellulose membranes. Radioactive bands were
visualized by autoradiography and quantitated by phosphoimaging. For
pull-down assays, GST±IEX-1 fusion proteins bound to glutathione±
Sepharose (20 mg) were incubated for 2 h at 4°C with lysates from UT7
cells (107) that had been stimulated or not with various agents known to
activate ERK, p38 or JNK MAPK. The beads were then washed four
times in lysis buffer and sample analyzed by western blotting with
antibodies directed against the active forms of these kinases.
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